so that an equal number of fat cells could form the basis for comparison of the metabolic activity of two or more fragments of adipose tissue. In addition, these methods have permitted the study of the contribution of the fat cell size and number to the enlargement of the adipose organ in physiological and pathological conditions (4, 12, 16).
Among the methods by which the size and number of fat cells in adipose tissue can be determined are those based on direct microscopic determination of the diameter of fat cells isolated by collagenase incubation and stained (3, 6, 11, 15, 17, 26) . These methods, relatively simple and economic, take advantage of the spherical shape assumed by isolated fat cells floating on the surface of an aqueous medium.
In this report, we shall analyze one such method and the assumptions underlying the principles involved. We shall determine the degree of precision and reproducibility of the method and discuss the advantages and limitations. We shall then report on the application of this methodology to the determination of fat cell size and number in adipose tissue of over 200 animals from four mammalian species, and in four separate locations of adipose tissue in the 2-month-old male rat.
MATERIALS AND METHODS
Animals a) Male Wistar rats, from age 5 weeks to 16 months, fed Purina laboratory chow ad libitum; b) male golden hamsters, from age 5 weeks to 12 months, fed Purina laboratory chow ad libitum; c) male albino guinea pigs, from age 6 weeks to 13 months, fed Purina guinea pig chow ad libitum and green food once weekly; d) female mongrel dogs of unknown age. The dogs were fed Purina dog chow for a minimum of 1 week before sacrifice. The dietary composition and details of sacrifice of the animals were the same as previously described (7, 9). Adipose tissue was obtained from the epididymal fat pads of rats, hamsters, and guinea pigs and from the perirenal, mesenteric, and subcutaneous areas of rats. In the dog, samples were obtained from the right subcutaneous inguinal region.
Experimental Procedures
Immediately after sacrifice, the two epididymal fat pads were excised, weighed without prior blotting, and sections of tissue (weighing 100-300 mg) were cut along the longitudinal axis, weighed, and either placed in chloroform: - Calculation of mean surface area and volume of a fat cell po@a-tion. From the data on diameters (D) of 300-600 fat cells in suspension, the frequency distributions could also be plotted for the fat cell surface area (SA = ?rD2) and cell volume (V = 7rD3/6). However, taking into consideration the nonlinear transformation involved in the calculation of surface area and volume from the mean diameter of each class of fat cells, all the cells falling within the class intervals were assigned a surface area or volume equal to the average of the smallest and largest surface area (or volume, respectively) within that class interval (see Fig. 3 ). This resulted in a closer approximation to a "true" surface area (or volume) for each of the 300-600 fat cells in question than if the mean values had been obtained from calculations based on the diameter of the midpoint of each class interval. Thus, the mean surface area and mean volume for the entire fat cell population were calculated from the histogram of the diameter as follows: mean surface area = c (SA; + Fi)/n and mean volume = C (Vi*Fi)/n, where SAi is the SA of the classes as described above, Vi is the volume of the classes as described above, Fi is the number of cells in the classes, and where n is the total number of cells measured.
The usual formulas for standard deviation of a frequency distribution were then used to calculate the standard deviation of mean surface area and of mean volume (5).
Analytical techniques. From one or two aliquots of adipose tissue placed in chloroform-methanol (2: l), in a proportion of at least 1: 20 (w/v), the total lipid was extracted according to the procedure described by Folch et al. ( 10) . The lipid content of the tissue was determined in duplicate aliquots of the extract by the calorimetric estimation of fatty esters (20) and in an additional aliquot by microgravimetric determination (after complete evaporation of the solvent). The ratio of lipid to wet weight of the tissue was expressed as a percentage+
The defatted dry residue (DDR) of adipose tissue was determined by microgravimetric determination of the tissue fragment, removed from the first extract, placed in 10 ml of fresh solvent for additional 24 hr, and left to dry overnight in a vacuum oven on a tared planchette. The ratio of DDR to wet weight of the tissue was expressed as a percentage.
The lipid density was determined on the lipid extracted by chloroform-methanol as follows: after evaporation of the solvent in vacuum at 30 C, the oily residue was again redissolved in the same solvent, centrifuged, filtered on DI GIROLAMO, MENDLINGER, AND FERTIG Whatman paper no. 12, and the solvent again evaporated to yield the adipose lipid as an oil. Three 0. l-ml volumetric pipettes were recalibrated by filling to the mark with mercury at 20 C, expelling the mercury into a tared vessel, and weighing it. The weight of the oil at 20-25 C over the volume of the calibrated OA-ml pipette, in triplicate, provided a measure of the lipid density.
N~rnb~ Sfafisfical evaluation of data. Means, standard deviation, and standard error of the mean were estimated in the usual way. A measure of the relative variation in the analytical techniques employed and in the operations necessary to determine fat cell volume and number was obtained by the determination of the coefficient of variation (CV = standard deviation/mean) for 5-l 5 repeated determinations of the same samples. The CV for the various operations, expressed as a percentage, is shown in the RESULTS. The significance of differences between group means was estimated by the Student t test. Values for P of <.05 were taken to indicate significance.
RESULTS
The results of this study are divided in two major sections: I) evaluation of the methodology and validation of it, 2) application of the method to the determination of adipose tissue characteristics in four animal species. accuracy of the estimation for both cell size and number improves so that the 95 % confidence limits become =t5-7 %.
The precision of the determination of mean cell measurements will increase as the number of cells sized is increased. In raf A of Table 1 , if 100 cells are employed, CV will be 2.7, 5.4, and 8.5 %, respectively, for mean cell diameter, surface area, and volume (as derived by CV/&; for 300 cells it will be 1.6, 3.1, 4.9 %, respectively; for 500 cells it will be 3.2, 2.4, 3.8 %. In the larger rat B, CV for 300 cells is 0.9, 1.7, and 2.6 %, respectively, for the three cell measurements.
For this reason, sizing of at least 300 fat cells is recommended in order to keep the estimate of mean fat cell volume correct within 5 %, a limit considered acceptable in many biological measurements.
Method 2 is based on the following principle: the total number of fat cells in a sample is equal to the lipid content of the sample divided by the mean lipid content of a counted number of suspended free fat cells. This method requires the count of fat cells in an aliquot of the cell suspension. This was done according to the techniques described by Gliemann ( 11) and Turtle and Kipnis (24). The coefficient of variation for the operation of counting 48 consecutive 0. l-p1 aliquots of a suspension of fat cells was 52 %, for 12 consecutive 0.4-~1 aliquots was 12.3 %, and for six consecutive 0.8-~1 aliquots was 11.1 %. Thus, this operation shows a poor degree of reproducibility, When CV, was estimated for this method with a formula for the propagation of error analogous to the one employed for method I, it was found to be 11.2 % so that the 95 % confidence limits were &22 76.
The method proposed to determine the number of fat cells in adipose tissue was evaluated. Since the determination of fat cell number in a tissue sample requires several operations (Fig. 4) , the method proposed was evaluated as follows: 1) evaluation of CV for the number of cells (n) by application of the formula for the propagation of error: cv, = dv*z + Vn2 + VD2, where VA, VB, and VD are variances of CV for operations A (lipid content of tissue), B (mean cell volume), and D (lipid density), respectively; 2) by comparing in the epididymal pads of 11 rats (Table 2 ) the total numbers of cells obtained by the method proposed to those obtained by mefhods 2 and 3 described below. In the method proposed, method I, CVA was found to be 0.9 %, CVB 4.9 %, and CVD 0.27 %. The calculated CV, was 5.0 %. Thus, the 95 % confidence limits for the number of fat cells in adipose tissue, estimated by the proposed method, are 2 X CV or A 10 %. This appears to be within limits considered acceptable in the determination of biological variables.
If one determines the mean cell volume on more than 300 cells, or if one is measuring cells with diameter larger than 60 p (as seen in Table  I Fat cell size in four mammal& sfiecies. The epididymal adipose tissue from 136 rats, 28 hamsters, and 28 guinea pigs during growth and ad libitum feeding from age 5 weeks to 14-16 months was studied. In addition, the subcutaneous adipose tissue from 20 female dogs with varying degrees of adiposity was also studied. The morphological observations in the dogs have formed the basis of another report (9).
In all four species, the application of the methodology described to isolate fat cells by collagenase incubation and to determine the mean fat cell diameter gave satisfactory results. When the cell diameters were greater than 14 p, to 150 p for the rat, from 20 to 120 p for the hamster, from 30 to 70 p for the guinea pig, and from 14 to 120 p for the dog. In fat cell populations derived from adipose tissue of younger, leaner animals, the smallest recognizable floating fat cells had a diameter of 11-15 p. This indicates that a cell volume of at least l-2 pl, corresponding to approximately 0.9-1.8 mpg of triglyceride, is necessary to make a fat cell float.
In all the animals, the mean fat cell diameter and the standard deviation were then calculated for 300 free fat cell samples from the adipose tissues as described.
The degree of heterogeneity in diameter for each fat cell population was indicated by the coefficient of variation of diameter. It was found (Fig. 5) that, in each species, the enlargement of the fat cells in adipose tissue leads to fat cell populations that are more homogenous in size, that is, less dispersed about the mean diameter.
The consistency of these observations in the four species studied suggests that the increased homogeneity in fat cell diameter observed in all populations of cells, when the mean diameter increases from 40 to 70-120 EL, is a biological variable common to adipose tissue from all species.
Calculations of mean fat cell volume were also obtained from the histograms of the diameter for the 300 fat cell samples from rats, hamsters, and guinea pigs. The volume estimates ranged from as low as 12 pl to as large as 1,200 pl. The largest fat cells with volume greater than 1,000 pl were seen in a few obese rats with the largest cell diameters (Fig. 5) . In Fig. 6 , samples of seven fat cell populations from subcutaneous depots of dogs are shown to illustrate the wide range of mean cell measurements found in this species.
Determination of lipid density in adipose tissue in animals from four mammalian species in relation to fat cell size. In previous reports (4, 15) the density used to estimate the weight of the lipid in fat cells has been that of triolein = 0.915 or of :;: Lt2, 1 k(,, triglyceride, 0.92. In view of the possible changes in fatty acid composition of the adipose triglyceride from different animals at different stages of growth and nutrition, the lipid density in several animal groups was determined in the four species studied. The results are shown in Table 3 . The lipid density did not appreciably change in the dog and hamster adipose tissue with enlargement of the fat cells, while in the rat and guinea pig the adipose tissue containing larger fat cells showed a lower lipid density. These findings 'indicate that appropriate determinations of the lipid density are necessary to obtain an accurate estimate of the mean lipid weight of the cells from the mean cell volume.
Diameter, volume, and number of fat cells in adipose tissue from four di$erent locations in the rat. The convenient location of the epididvmal fat pad in the rat and in other species, together with facility of recognition of its boundaries, has made this pad the most frequently used fragment of the adipose tissue for metabolic studies. However, some reports (22) indicate that adipose depots other than epididymal differ in metabolic performance, when expressed per unit of wet weight, suggesting interdepot compositional differences. In this series of experiments, detailed morphological and compositional analyses were conducted in four different locations of adipose tissue in the same animal. The results are summarized in Table 4 . In six male rats, 7-9 weeks old, pieces of adipose tissue, 200-400 mg in size, were removed from the following areas: epididymal, perirenal, mesenteric, and subcutaneous (this latter was removed from the leftgroin region).
The tissue samples were processed as described in the METHODS section. The results of these experiments can be summarized as follows: I) the four adipose depots of the 7-to g-week-old rat differed markedly in the proportion of tissue constituents (lipid and DDR) and in fat cell size from one location to the other; 2) the percent lipid content of the tissue was highest (75.7 %) in the epididymal and lowest (41.2 %) in the mesenteric location in the following order: epididyma1 > perirenal > subcutaneous > mesenteric; 3) the percent defatted dry residue followed the reverse order, being lowest (3.1 %) in the mesenteric and highest (7. by the fat cells in a given species may also be characteristic for that species and be an important regulator of cell metabolic activities. The findings summarized in Table 3 show that the lipid density in adipose tissue varies, in at least two species, when the fat cells enlarge.
In addition, the lipid density of the 
